A novel globular protein electrospun fiber mat with the addition of polysilsesquioxane  by Soares, Rosane M.D. et al.
A
p
R
J
a
b
c
a
A
R
R
A
A
K
G
E
N
P
1
m
p
e
g
e
s
e
a
w
t
v
o
[
0
dInternational Journal of Biological Macromolecules 49 (2011) 480– 486
Contents lists available at ScienceDirect
International  Journal  of  Biological  Macromolecules
journa l h o me  pag e: www.elsev ier .com/ locate / i jb iomac
 novel  globular  protein  electrospun  ﬁber  mat  with  the  addition  of
olysilsesquioxane
osane  M.D.  Soaresa,∗,  Vanessa  L.  Patzera,b,  Roland  Derschc,
oachim  Wendorff c, Nádya  Pesce  da  Silveiraa, Patricia  Prankeb
Institute of Chemistry, Universidade Federal do Rio Grande do Sul, 91501-970, Porto Alegre, Brazil
Faculty of Pharmacy, Universidade Federal do Rio Grande do Sul, 90610-000, Porto Alegre, Brazil
Department of Chemistry, Philipps-Universität, Hans-Meerwein-Straße, D-35032, Marburg, Germany
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 21 March 2011
eceived  in revised form 2 May  2011
ccepted 26 May  2011
vailable online 2 June 2011
eywords:
liadin
a  b  s  t  r  a  c  t
The  aim  of  this  work  has  been  to elaborate  well  deﬁned  gliadin  nanoﬁbers  with  incorporation  of  inorganic
molecules,  such  as polyhedral  oligomeric  silsesquioxane  (POSS).  Nanoﬁbers  were  obtained  by electro-
spinning  processing,  controlling  the  relevant  parameters  such  as  tip-to-collector  distance,  voltage  and
feed  rate.  The  ﬁber  mats  were  characterized  by SEM,  confocal  images,  DSC,  viscosity,  FTIR  and  con-
ductivimetry  analysis.  FTIR  spectra  showed  characteristic  absorption  bands  related  to  the presence  of
POSS-NH2 within  the  matrices.  SEM  micrographs  showed  that  gliadin  ﬁbers  decreased  their  dimensions
as  the  amount  of  POSS-NH2 increased  in  the  spinning  solution.  The  electrical  conductivity  of  gliadinlectrospinning
anoﬁbers
olyhedral oligomeric silsesquioxane
solutions  diminished  as  the  concentration  of  POSS-NH2 was  increased.  Besides,  confocal  micrographs
revealed  that  POSS-NH2 might  be  dispersed  as  nanocrystals  into  gliadin  and  gluten  ﬁbers.  The  dimension
of  gluten  nanoﬁbers  was  also  affected  by the  POSS-NH2 concentration,  but  conversely,  this  dependence
was  not  proportional  to  the  POSS-NH2 amount.  Somehow,  the interaction  between  gliadin  and  POSS-NH2
in  aqueous  TFE  affected  the  solution  viscosity  and,  as  a  consequence,  higher  jet  instabilities  and  thinner
ﬁber  dimensions  were  obtained.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.. Introduction
Among the biopolymers, gluten proteins are a class of bio-
aterials, which raises a great deal of interest. The viscoelastic
roperties of wheat proteins are basically explained by the pres-
nce of gluten and its majority protein subfractions known as
liadin and glutenin. These two proteins account for the viscous and
lastic properties in gluten, respectively. Gliadins are important
torage proteins obtained from wheat kernel and are a family of het-
rogeneous polypeptides with molecular weights between 30,000
nd 90,000 g mol−1. These proteins are globular low molecular
eight single-chains, readily soluble in aqueous ethanol. However,heir solubility properties can be adjusted by using different sol-
ents, which can promote kinetic intermediates which have been
bserved during folding from the unfolded state to the native state
1–3].
∗ Corresponding author. Tel.: +55 51 3308 6291; fax: +55 51 3308 7304.
E-mail  address: soaresr@iq.ufrgs.br (R.M.D. Soares).
141-8130/© 2011 Elsevier B.V. 
oi:10.1016/j.ijbiomac.2011.05.025
Open access under the Elsevier OA license.These intermediates are important for nanoﬁber production and
also to maintain their stability during the electrospinning pro-
cess as the presence of chain entanglements will ultimately dictate
whether or not ﬁbers will form [4–6].
Electrospinning processing is a method to create nanoﬁbers,
which has re-emerged after many decades of neglect. It has become
an innovative ﬁeld in several research areas (catalysis, sensors, ion
exchange membranes, tissue engineering, drug delivery, bioengi-
neering, etc.) [6].
To  explain it brieﬂy, in the process of electrospinning, polymer
solutions are fed through a syringe under a high applied electric
ﬁeld. A liquid jet is created by imparting a charge to a polymer
solution which is then drawn through a small nozzle. As electro-
static forces within the solution overcome the surface tension of
the solution, a liquid jet is initiated at the nozzle tip. The charged
solution is attracted to a grounded collector, placed some distance
away from the collector and ﬁbers prepared from different poly-
mer solutions are then obtained. The ﬁbers formed are non-woven
with high porosities and high surface areas. The advantages of this
method, compared to other ways of ﬁber production (e.g. phase
separation), are easy processing, possibility of functionalization and
availability of different variations of conventional electrospinning
[7–11].
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2.3. Characterization
FTIR spectra were acquired in a Perkin-Elmer PC-16 and were
recorded with 4 cm−1 of resolution in the range of 4000–400 cm−1.
Table 1
Compositions of different solutions prepared with addition and absence of POSS-
NH2.
Solutions Concentration of POSS-NH2 (w/w, %)R.M.D. Soares et al. / International Journal o
Considering the fact that it is not feasible to form ﬁbers from a
lobular protein polymer solution when electrospun [12], a speciﬁc
olvent able to induce conformational transitions of proteins was
ested. A solvent was selected, able to be processed at room temper-
ture and also a non-solvent as a means of creating a ﬁber structure
nder the right processing conditions (concentration, evaporation
ate) after having been electrospun.
The 2,2,2-triﬂuoroethanol (TFE) is a suitable co-solvent capa-
le of inducing stabilization of helical and -turn structures and
o disrupt the native tertiary structure of intact proteins. Thus,
he use of TFE can be considered as a distinct way of weak-
ning non local interactions but of favoring local interactions
13].
The interaction of TFE with proteins has been widely studied and
ome approaches have taken into consideration different mecha-
isms, which are mainly explained by: (a) charge effect which will
epend on the number of charged amino acid residues in the gliadin
tructure; (b) modiﬁed surface tension by the presence in different
atios of water/TFE, which will contribute to protein stabilization
nd their preferential hydration; (c) association of TFE molecules
o helical conformers, replacing the water molecules; and (d) inter-
ction between ﬂuorocarbon terminus of TFE with hydrophobic
ide chains where the hydroxyl terminus should interact with the
mide carbonyls. Besides this, TFE is able to stabilize -helices with
ntrinsic helical propensity and can induce  to  transitions or vice
ersa. In addition, it is able to disrupt tertiary structures in proteins,
reserving the secondary structure [14–18].
Another way to induce conformational changes in polymer pro-
ein is by incorporating biocompatible hybrid organic–inorganic
olecules, such as polyhedral oligomeric silsesquioxane (POSS),
hich can serve as model nanoﬁllers with rigid-inorganic cores
nd ﬂexible-organic coronae. These molecules are nanosized cage
tructures that can be incorporated into polymers to improve their
roperties and have been applied in medicine and electronics
19,20].
The hybrid structure has attracted considerable attention for
ielectric, heat-resistant and radiation-resistant paints and coat-
ngs, due to the fact that thermal degradation of POSS leaves behind
 “self-healing” SiO2 layer. Research has since shown that POSS
olecules may  be incorporated as building blocks into other poly-
ers with improved miscibility and hence, elasticity. In this ﬁeld,
he addition of POSS can induce increased mechanical strength,
ptical activity, and catalytic activity. Chemical modiﬁcation of the
OSS molecule alters the interaction of the POSS with different
olymers, besides being cytocompatible and hence, suitable for tis-
ue engineering. In this work an octa-(aminopropylsilsesquioxane)
POSS-NH2] integrated into gliadin structure was  tested [19–21].
As far as is known, the use of globular proteins in electrospinning
as been reported by few researchers, who have mainly produced
bers based on bovine serum albumin (BSA) and hemoglobin and
yoglobin. BSA protein ﬁber formation is in part explained by
he fact that serum albumin is rich in cysteine, participating in as
any as 17 intramolecular disulﬁde bridges, whereas the forma-
ion of hemoglobin and myoglobin micro-ﬁbrous mats are mainly
xplained by the solvent choice [22–25].
The present work aims to provide for the ﬁrst time the successful
ffectiveness and feasibility of using a globular protein to electro-
pin gliadin nanoﬁbers containing low amounts of POSS-NH2. The
ain challenge encountered involved turning the gliadin low vis-
osity solutions into a nanostructured nanoﬁber. Besides this, the
ormation of gluten nanoﬁbers with POSS-NH2 incorporated has
lso been investigated. Such solution systems have shown excel-
ent electrospinnability performance, which has allowed for the
roduction of, not only nanoscale ﬁbers but also the control of
heir diameter based on electrospinning parameters and solution
roperties.Fig. 1. Chemical structure of POSS-NH2 [Hybrid Plastics Catalog 2010].
2. Materials and methods
2.1. Materials
Gliadin (G3375), gluten (G5004) and the solvent TFE were pur-
chased from Sigma–Aldrich Co. Polyhedral oligomeric silsesquiox-
ane (POSS-NH2) (MW  = 874.59) was  obtained from Hybrid Plastics
(Fontain Valley, CA). The ﬂuorescent dye NODDtag 4S ITC (CAS
861886-74-0) was  purchased from NODDtech – New Organic Dyes
and Displays (Porto Alegre, Brazil). All other reagents were analyt-
ical grade.
2.2. Methods
2.2.1. Solution preparation
The protein solutions were prepared by dissolving gliadin or
gluten (10%, w/w)  in TFE/distilled water in a volume ratio of 40/60
v/v through gentle stirring. POSS-NH2 (Fig. 1) was  added to the
solutions at different concentrations (1, 5 and 10% (w/w) of protein).
After mixing, the solutions were kept at pH 10 and all ﬂasks were
kept under continuous stirring at room temperature for 12 h. At the
end of the preparation, eight solutions with different compositions
were obtained (Table 1).
2.2.2. Electrospinning
Each one of the protein solutions (Table 1) was fed through the
syringe with a piston operated by a step motor. The apparatus con-
sisted of a syringe (1 mL), a metal needle with a negative voltage
power supply and a target collector charged with a positive voltage
and a proper distance tip-to-collector. Following this process, the
electrospun ﬁbers were dried in a vacuum oven at room tempera-
ture overnight to dry off any remaining solvent. The electrospinning
setup is summarized in Table 2.Gluten (10%, w/w) –
Gliadin/POSS-NH2 1
Gliadin/POSS-NH2 5
Gliadin/POSS-NH2 10
482 R.M.D. Soares et al. / International Journal of Biolo
Table  2
Processing conditions for the gliadin, gliadin/POSS-NH2, gluten and gluten/POSS-
NH2 systems during electrospinning.
Parameters Values
Voltage (kV) 12–15
Distance tip-to-collector (cm) 15
Solvent TFE/distilled water
Feed rate (L min−1) 25
Temperature (◦C) 23
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possible to detect nanocrystals dispersed on the gluten matrices.Relative humidity (%) 34
he viscosity of gluten, gluten/POSS-NH2, gliadin and gliadin/POSS-
H2 were determined with a Brookﬁeld digital viscometer (model
VDV-II) at 25 ◦C. The geometry of concentric cylinders was used
nd all samples were analyzed under low shear rates (0.1 at 20 s−1).
hermal properties were evaluated under an N2 atmosphere using
 differential scanning calorimeter (DSC series Q1000, TA Instru-
ent) using 10 ◦C min−1 heating and cooling rates, in a temperature
ange from 30 to 250 ◦C. The electrical conductivity of the solutions
as determined by a conductivimeter (Micronal, Model B330) with
 platinum electrode. The morphology of electrospun ﬁbers was
bserved with an SEM (JSM-6060, JEOL). The electrospun ﬁbers
ere sputter-coated with gold (SPI-module sputter coater, SPI sup-
lies) and observed with an SEM at an acceleration voltage of
0 kV. The mean ﬁber diameters were estimated and calculated by
electing 20 single ﬁbers randomly observed on the SEM images.
 microscope (Olympus, Fluoview 1000) supplied with a high
esolution CCD camera and ﬂuorescence ﬁlters was  used to char-
cterize optical characteristics of nanoﬁbers and to evaluate their
uorescence.
Fig. 2. Micrographs of gliadin nanoﬁbers with POSS-NH2 addition: (a) gliadin; (b) gliagical Macromolecules 49 (2011) 480– 486
3.  Results and discussion
3.1. Morphology of gliadin/POSS-NH2 and gluten/POSS-NH2
nanoﬁbers
The feasibility of gliadin and gluten nanoﬁbers with incorpo-
rated POSS-NH2 was  evaluated by SEM. The micrographs of gliadin
and gluten nanoﬁbers can be visualized in Figs. 2 and 3, respec-
tively. The morphology of the gliadin ﬁber mat shows a non-porous
structure at microscopic level, with randomly oriented ﬁbers and
homogeneous surface. The decrease in the gliadin ﬁber dimensions
was  proportional to the enhancement of the POSS-NH2 concentra-
tion in the solution (Fig. 2a–d).
The diameters ranged from 222 ± 12 (gliadin nanoﬁber) to
93 ± 13 (gliadin/POSS-NH2 10%), according to Fig. 4. In addition,
at 10% of POSS-NH2, gliadin solutions showed higher jet instability
and some beads distributed along the ﬁbers.
In addition, agglomerated structures were also detected into
gliadin nanoﬁbers (pointed by arrows). These structures might
be constituted by agglomeration of POSS-NH2 nanocrystals, as
observed by some authors [26,27].
The morphology of the gluten nanoﬁbers with POSS-NH2 was
quite similar, except for the ﬁber dimensions (Fig. 4b) and higher
solution stability during the electrospinning process. In gluten
nanoﬁbers, the initial concentration of POSS-NH2 1% did not trigger
signiﬁcant changes in the ﬁber dimensions and the diameter aver-
age was from 500 to 700 nm.  However, for 10% of POSS-NH2 it wasThe occurrence of POSS nanocrystals distributed onto the protein
electrospun solution revealed that at a particular POSS concentra-
tion, there is a lower afﬁnity between protein and POSS-NH2 in
din/POSS-NH2 (1%); (c) gliadin/POSS-NH2 (5%); and (d) gliadin/POSS-NH2 (10%).
R.M.D. Soares et al. / International Journal of Biological Macromolecules 49 (2011) 480– 486 483
Fig. 3. Micrographs of gluten nanoﬁbers with POSS-NH2 addition: (a) gluten; (b) glut
Fig. 4. Inﬂuence of POSS-NH2 concentration on electrospun nanoﬁbers of (a) gluten
and (b) gliadin nanoﬁbers.en/POSS-NH2 (1%); (c) gluten/POSS-NH2 (5%); and (d) gluten/POSS-NH2 (10%).
the systems. In other words, during solvent evaporation, there is a
phase separation which contributes to the nanometric dispersion
of POSS in the polymer matrix, thus making for the presence of
in situ generated inorganic domains.
Regarding the detection of POSS-NH2 cages on gliadin and
gluten nanoﬁbers, their presence on the matrices was  conﬁrmed
by FTIR spectra. The absorption bands at 1040 cm−1 and 1230 cm−1
are related to Si–O–Si and Si–C stretching, respectively (Fig. 5a and
b).
These two bands (those in 1040 and 1230) were detected for
all nanoﬁbers formed (of both gliadin and gluten) at different
POSS-NH2 concentrations. As to probable structural changes in the
proteins, when submitted to electrospinning, the presence of the
amide I and amide II bands in the nanoﬁbers corroborates the
preservation of their global structure.
The amide I band is related to disordered protein conformations,
as well as their  and  conformers. Amide II shows the angular
deformation N–H and C–N stretching of the C–N–H group and -
sheet components [28–30]. Similar FTIR spectra were observed in
gliadin and gliadin/nanoﬁbers, though with a slight shift of their
amide I and amide II band absorptions. The presence of these two
peaks (amide I and II) for both biopolymers, might reveals the main-
tenance of the protein secondary structure and shows that the
electrospinning process does maintain the protein integrity even
after high voltage appliance.
3.2. Solution parameters
In this work, the ratio of TFE/water was  chosen due to the possi-
bility of suitable miscibility between all components and feasibility
through the electrospinning process. Regarding the interaction
between gliadin and the solvent TFE, it is important to consider
the “charge effect”, which depends on the number of charged
aminoacids on the gliadin structure. Another relevant aspect is
its concentration, which is closely associated to solution viscosity
[22,24].
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wig. 5. FTIR spectra for (a) gluten and gluten/POSS-NH2 and (b) gliadin and
liadin/POSS-NH2 nanoﬁbers.
The viscosity values for all solutions are described in Table 3.
ts values decreased from 0.263 Pa s to 0.220 Pa s when POSS-NH2
as added to the solutions. The same tendency was  observed for
luten solutions, which decreased their values from 1.055 Pa s to
.488 Pa s at 10% of POSS-NH2. It is well known that gliadin, which
s extracted from gluten, has a lower molecular weight and for this
eason solutions prepared from this protein have presented lower
iscosity even if they have been prepared at the same concentration
s for gluten solutions.In fact, in all systems used in this work, the compo-
ents TFE/gliadin/POSS-NH2 or TFE/gluten/POSS-NH2 were able
o form viscous solutions for electrospinning. This ability to form
anoﬁbers from a certain polymer solution can be explained by the
able 3
iscosity values and glass transition temperature (Tg) for gliadin and gluten systems
ith POSS-NH2 addition.
System Viscosity (Pa s) Tg (◦C)
Gliadin 0.263 43
Gliadin/POSS-NH2 (1%, w/w) 0.251 51
Gliadina/POSS-NH2 (5%, w/w) 0.246 50
Gliadina/POSS-NH2 (10%, w/w) 0.220 47
Gluten 1.055 46
Gluten/POSS-NH2 (1%, w/w)  0.629 43
Gluten/POSS-NH2 (5%, w/w)  0.525 45
Gluten/POSS-NH2 (10%, w/w) 0.488 43gical Macromolecules 49 (2011) 480– 486
association between chains and their entanglement in the solu-
tion. In other words, very diluted solutions or even semi-diluted
solutions are probably less suitable to be electrospun and to form
nanoﬁbers. In this case, due to their coil like conformation, they
might be more likely to form nano or microparticles and the process
become electrospraying.
In addition, the polymer concentration (and as a consequence,
the viscosity) are closely associated to bead formation and, when
the concentration is low enough, many beads appear in electrospun
products. On the other hand, in the concentrated regime, polymer
chains can interpenetrate and entangle with each other, increasing
the solution viscosity. Therefore, more viscous solutions are able to
form thicker ﬁbers without beads. Thus, according to some authors,
many polymer systems present their own optimal concentration,
which allows for the construction of uniform nanoﬁbers.
This explanation corroborates with our ﬁndings where the
POSS-NH2/gliadin/TFE solutions with the lowest viscosities have
performed jet instabilities. In this system, POSS-NH2 molecules
might be alternated between gliadin chains, preventing protein
entanglements and increasing jet instability under high applied
ﬁeld (Fig. 6). We  believe that there is a synergistic effect of concen-
tration biopolymer, lower viscosity and applied voltage brought
about the presence of thinner ﬁber dimensions, as well as the
formation of beads, depending on the POSS-NH2 quantity in the
system.
The other system containing POSS-NH2/gluten and TFE resulted
in thicker nanoﬁbers when compared to gliadin electrospun
nanoﬁbers. This phenomenon might be due to the chain entan-
glement caused by the physical interlocking of polymer chains
increased with polymer chain length and molecular weight [31].
Consequently, gluten shows some chain entanglements when the
solution is stretched. The agglomerated nanocrystals in both gluten
and gliadin matrices were proportional to the higher amount
of POSS-NH2 in the solution. These nanocrystals were dispersed
through the gliadin ﬁbers and their image can be visualized in Fig. 7.
The confocal microscopy also revealed the same morphology for
gluten nanoﬁbers (not shown).
3.2.1. Dependence of conductivity
Gliadin solutions either in the presence or absence of POSS-NH2
presented the lowest electrical conductivity values (Fig. 8). As dis-
cussed earlier, this behavior might be explained by the low amounts
of charged aminoacids on the gliadin primary structure, which con-
tributed to charge density in the system. These primary groups can
be ionized in the solution, contributing to the elevation of electrical
conductivity. Likewise, the functional groups on protein backbone
and the ratio water/TFE as a solvent have also been determinant for
the solution conductivity. Unlike gliadin, whole gluten is a highly
complex and heterogeneous protein structure which may  contain
higher charge density, contributing to the higher conductivity val-
ues.
However, neither gliadin nor gluten systems have shown a
decrease in conductivity values as the POSS-NH2 concentration was
increased in the solutions. Accordingly, for both biopolymers, the
interaction between POSS-NH2 and protein in solution probably
decreases the charge density and reduces the exposure of ionized
groups, due to the changes in protein conformation. Surprisingly,
the conductivity parameter was  not one of the main factors to
deﬁne gliadin ﬁber dimension, once in this system, as the conduc-
tivity of the solution decreased, the ﬁber dimensions have also been
decreased. This behavior implies that the amount of POSS-NH2, as
well as viscosity of gliadin solutions play an important role in ﬁber
formation and these parameters can be used to control ﬁber dimen-
sion in future works. For gluten nanoﬁbers, the addition of 10% of
POSS-NH2 seems to have led to a decrease in the conductivity val-
ues, demonstrating that the dimension of the nanoﬁbers formed are
R.M.D. Soares et al. / International Journal of Biological Macromolecules 49 (2011) 480– 486 485
Fig. 6. Schematic diagram of (a) gliadin molecular model in solution and (b) gliadin molecular model in solution with addition of POSS-NH2.
Fig. 7. Fluorescent confocal images of gliadin/POSS-NH2 (10%, w/w) electrospun nanoﬁb
(For  interpretation of the references to color in this ﬁgure legend, the reader is referred to
Fig. 8. Values of gliadin/POSS-NH2 and gluten/POSS-NH2 solution conductivity.ers: (a) original and (b) color enhanced (the image width corresponds to 20 m).
 the web version of the article.)
associated to such parameters as the density of electrical charges
and the viscosity values encountered (Figs. 4 and 8). According to
the literature [31], gluten nanoﬁbers are formed because of the
reversible junctions in the protein, in particular, the breaking and
re-forming of disulﬁde bonds that occur via a thiol/disulﬁde inter-
change reaction. In this sense, the addition of POSS-NH2 failed to
control ﬁber dimensions and could only be dispersed on a nano-
metric level into the protein matrix.
3.2.2. Thermal properties
The Tg of gliadin and gluten nanoﬁbers are summarized in
Table 2. The addition of POSS-NH2 in gluten nanoﬁbers did
not change their thermal properties. On the other hand, gliadin
nanoﬁbers showed a slight increase in glass transition temperature
as a result of chain restriction mobility as the POSS-NH2 concen-
tration increased in the system. This behavior can be explained
because gliadin is a monomeric, globular protein and in this way,
the POSS-NH2 structure may  diffuse through the protein struc-
ture more freely, hindering protein mobility when compared to
the whole gluten structure. POSS presents an amine functional
group which can interact with protein carboxylic groups by cova-
lent bonds. These new bonds can make possible new changes in
protein conformation and stabilization.
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. Conclusions
This work shows the effectiveness of the electrospinning tech-
ique to obtain nanoﬁbers from a globular protein. POSS-NH2 could
lso be successfully dispersed through the matrix showing that
n electrospinning setup can be used as an alternative method to
isperse these particles into a protein matrix. Moreover, it was  pos-
ible to obtain thinner nanoﬁbers with 10% of POSS-NH2 in gliadin
ispersions. These preliminary results show the potential of these
iopolymers as renewable agricultural resources to be used as a
aterial in the construction of a nanostructured polymer matrix.
urther on, this work demonstrated that the success in obtaining
anoﬁbers from globular proteins intrinsically depends on solvent
hoice and adequate concentrations of the protein. These factors
ill provide the necessary entanglements resulting from chain
roximity within the protein solution. In addition, such nanoﬁbers
ay  extend their use to biotechnology, drug delivery systems, tex-
iles or advanced functional systems.
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